Large-scale direct shear tests were conducted to assess the performance of geogrid-reinforced ballast-sub-ballast interface followed by triaxial tests to explore the deformation and degradation response of geogrid-reinforced ballast under cyclic loading. While the direct shear testing was performed at applied normal stresses (σ n ) ranging from 20 to 100 kPa and rate of shearing (S r ) from 2.5 to 10.0 mm/min, the cyclic triaxial tests were performed to capture the role of loading frequency (f) ranging from 10 to 40 Hz. Fresh granite ballast and sub-ballast with mean particle size (D 50 ) of 42 and 3.5 mm, and five geogrids having different aperture shapes and sizes (A) were used in this study. The tests results indicated that the behavior of ballast-sub-ballast interface is highly influenced by σ n and S r . The friction (ϕ) and dilation angles (ψ) of unreinforced and geogrid-reinforced ballast-sub-ballast interface is found to reduce from 67.96 to 47.82 • and 14.56 to 3.34 • with the increase in σ n and S r . Marsal's Breakage (B g : an index to quantify the breakage of ballast) of unreinforced ballast was found to increase from 2.84 to 6.69% with the increase in σ n and S r . However, the inclusion of geogrids significantly enhanced the friction angle (ϕ), reduced the extent of dilation angle (ψ), and minimized B g . The interface efficiency factor (α) and B g were found to be a function of A/D 50 ratio. Accordingly, a model is developed using multiple linear regression analysis to predict the values of ϕ, ψ, and B g in terms of the input parameters σ n , S r, and A/D 50 ratio. The results from triaxial tests indicate the deformation and degradation behavior of ballast under cyclic loading conditions to be influenced by the loading frequency (f). The extent of l d and S v of unreinforced ballast increases from 5.48 to 28.32 mm and 20.13 to 45.40 mm with the increase in f. The value of B g increased from 4.3 to 11.69% when the value of f was increased from 10 to 40 Hz. Similarly, the extent of lateral and vertical deformation of ballast was found to be a function of A/D 50 ratio.
INTRODUCTION
Railways are one of the most economical modes of transportation for moving freight as well as passengers from one place to another. With the rapid increase in population and the associated traffic congestion on highways, the demand for high-speed railway lines is on rise. However, the inherent effect of the introduction of high-speed trains is to induce additional cyclic stresses on the substructure of a railway track that comprises mainly of ballast and sub-ballast layers. Ballast distributes the applied train load to the sub-ballast layer at an acceptable level while maintaining the track alignment and allowing the quick drainage of water. On the other hand, the sub-ballast reduces the extent of stress being transferred to the soil beneath and also acts as a filter medium thereby preventing the upward migration of subgrade soil into the ballast layer. However, due to continuous passage of trains, ballast being unbound in nature undergoes a significant amount of lateral deformation and particle degradation which directly contributes to track settlement. The excessive deformation and degradation of ballast leads to track misalignment that calls for either the imposition of speed restrictions or the conduction of costly track maintenance operations. In this view, the railway organizations around the world have recently started using the geogrids for stabilizing the railway tracks. In practice, the geogrids are generally placed at the bottom of ballast layer (i.e., at ballast-sub-ballast interface) so that the same will not obstruct the track maintenance process. Once in place, geogrids generates non-displacement boundary condition that limits the lateral movement of ballast that subsequently reduces vertical settlement and deformation of ballast.
Realizing the importance of geogrids in rail track application, several researchers have studied the role of geogrids on coarse granular medium under direct shear conditions (Lee and Manjunath, 2000; Liu et al., 2009; Palmeira, 2009; Basudhar, 2010, 2013; Hussaini et al., 2012; Indraratna et al., 2012; Moraci et al., 2014; Sayeed et al., 2014; Biabani and Indraratna, 2015; Liu and Martinez, 2015; Vieira et al., 2015; Choudhary and Krishna, 2016; Liu F.-Y. et al., 2016; Liu S. et al., 2016; Afzali-Nejad et al., 2017; Guler and Khosrowshahi, 2017; Mvelase et al., 2017; Chen et al., 2018; Hussaini, 2018, 2019a; Mirzaalimohammadi et al., 2019) . Liu et al. (2009) have determined the shear behavior of granular soils stabilized with PET-yarn geogrids. On the other hand, Makkar et al. (2017) have evaluated the behavior of sand when reinforced with geogrid in three dimensional forms. Biabani and Indraratna (2015) have investigated the behavior of sub-ballast when stabilized with geogrids and geomembranes. Indraratna et al. (2012) and Hussaini et al. (2012) have explored the shear behavior of various ballast-geogrid interfaces at constant shearing rate of 2.5 mm/min. Hussaini (2018, 2019a) have evaluated the shear behavior of ballast at different applied normal stresses and rates of shearing when stabilized with various geogrids. Similarly, several studies have highlighted the benefits of geogrids in stabilizing ballast under cyclic loading conditions (Bathurst and Raymond, 1987; Matharu, 1994; Brown et al., 2007; Indraratna et al., 2007 Indraratna et al., , 2013 Indraratna et al., , 2015 Mishra et al., 2014; Hussaini et al., 2015a Hussaini et al., ,b, 2016 Biabani et al., 2016; Nimbalkar and Indraratna, 2016) . Shin et al. (2002) highlighted the beneficial effect of reinforcement in reducing settlement when a layer of geogrid and geotextiles was placed at the interface of the subgrade and sub-ballast layer. Moreover, Nimbalkar and Indraratna (2016) have evaluated the benefits of inclusion of geosynthetics and rubber shock mats in the critical section of track through a field trial. Indraratna et al. (2015) and Biabani et al. (2016) have investigated the behavior of geocell-reinforced subballast at different frequencies under cyclic loading conditions. Navaratnarajah and Indraratna (2017) have assessed the use of rubber mats in improving the deformation and degradation behavior ballast at different frequencies and axle load. Indraratna et al. (2013) and Hussaini et al. (2015b) are the only studies that have captured the influence of geogrid aperture size (A) in stabilizing the railway ballast under cyclic loading conditions at a constant loading frequency (f ) of 20 Hz. In addition, there are several studies that have shown the effect of loading frequency (f ) on the behavior of unreinforced ballast under various cyclic loading conditions (Indraratna et al., 2010; Thakur et al., 2013; Sun et al., 2014 Sun et al., , 2019 . However, the role of geogrids in stabilizing railway ballast at different loading frequencies (f ) has not been yet studied. Similarly, there are very limited studies that describe the influence of applied normal stress (σ n ) and rates of shearing (S r ) on various ballast-geogrid-sub-ballast interfaces under direct shear conditions. Moreover, a rail track under operating conditions may be subjected to different shearing rates depending upon the magnitude of cyclic stress and the train speed. In this context, a series of large-scale direct shear tests were carried out to study the influence of σ n and S r on ballast-geogridsub-ballast interface followed by large-scale cubical triaxial tests to determine the effect of loading frequency (f ) on ballast with and without geogrids.
MATERIALS AND TESTING PROCEDURES

Materials
Fresh granite particles and a mixture of sand and crushed granite were used as ballast and sub-ballast, respectively. The particle size distributions (PSD) of ballast and sub-ballast used in the present study were as per the standards specified by Indian railways (IRSGE, 2004; RDSOGE, 2007 ; Figure 1 ). The particle size characteristics of ballast and sub-ballast are presented in Table 1 . The maximum (D max ) and mean diameters (D 50 ) of sub-ballast were 20 and 3.5 mm and that of ballast were 65 and 42 mm, respectively. Five types of geogrids were used in the current study to stabilize the rail road ballast. These geogrids have different aperture shapes and sizes. The physical characteristics and technical specifications of geogrids (labeled G1 to G5) used in the present study are described in Table 2 .
Direct Shear Tests
A series of shear tests were performed using large-scale direct shear apparatus, having plan dimension of 450 × 450 mm and overall depth of 300 mm. The apparatus consists of two square boxes; the lower box is fixed in position while the upper box is allowed to move. The apparatus can allow application of normal stress and can capture the shear stresses up to 300 kN/m 2 and can allow shear displacements up to 100 mm. The dimensions of the apparatus and the capacity of load cells have been suitably selected to explicitly test coarse granular materials like railway ballast at high normal loading and strain rates. Figure 2A shows the schematic illustration of large-scale direct shear apparatus.
The specimen preparation involves the mixing of sieved ballast and sub-ballast separately in a required proportion conforming to the PSDs as specified in Figure 1 . The lower box of shear apparatus was filled with a predetermined quantity of sub-ballast and then compacted in two layers with the help of a vibrating plate to attain a required density (γ sb ) of 2,000 kg/m 3 which is the representative of typical field conditions. Then, the ballast is filled in the upper shear box and compacted in two layers with same vibrating plate to attain a field density (γ b ) of 1,470 kg/m 3 . In case of reinforced samples, a layer of geogrid is installed at the interface of two shear boxes and fixed with the clamping screws after the compaction of sub-ballast in lower shear box. To reduce the extent of particle breakage during vibration, a 7 mm thick rubber pad was placed beneath the vibrating plate. Tests were conducted at different applied normal stresses (σ n ) ranging from 20 to 100 kPa which is representative of typical track conditions under low confinement and shearing rates (S r ) ranging from 2.5 to 10.0 mm/min. The tests were carried out up to the horizontal displacement of 67.5 mm that represents a horizontal strain of 15%.
Triaxial Tests Using Process Simulation Test (PST) Apparatus
A series of triaxial tests were carried out using large-scale process simulation test (PST) apparatus, consisting of a box of 950 mm length, 650 mm width, and 730 mm overall depth. The plan dimension of 950 mm represents the effective sleeper length that transfers the applied wheel load to the ballast beneath, as defined by Jeffs and Tew (1991) and Atalar et al. (2001) . On the other hand, 650 mm represents the center-center spacing between the sleepers in the direction of rail. The mid portion of the two side walls parallel to rails (i.e., along the direction of passage of train) consists of five independent movable plates each measuring 650 mm in width and 75 mm in height. A small gap of 1 mm was provided to allow the free movement of plates in lateral direction. The maximum allowable lateral displacement of each plate is 100 mm that corresponds to a lateral strain (ε 3 ) of 10.52%. The apparatus used in the current study is similar to that used by Hussaini (2013) and Indraratna et al. (2013) but with five independently movable side walls on both the sides. The apparatus can be used to apply a vertical dynamic load of 200 kN at frequencies of up to 50 Hz. Figure 2B illustrates the schematic diagram of process simulation test apparatus. The specimen preparation involved the placement of subballast (150 mm thick), comprising of crushed granite-sand mixture, in two layers of 75 mm each and their compaction with the help of a vibrating plate to attain a required density (γ sb ) of 2,000 kg/m 3 . This was overlain by a ballast layer of 380 mm that was placed in three equal layers and compacted to achieve a target field density (γ b ) of 1,520 kg/m 3 . It is to be mentioned here that in both the series of tests the ballast particles were painted with bright yellow spray paint in order to clearly distinguish the broken pieces of ballast from underlying sub-ballast. A railsleeper assembly (wooden sleeper: 900 × 250 × 150 mm) was then placed over the compacted ballast and the spaces around the sleeper were filled with crib ballast. The rail section used was MR-52 section, as used by the Indian Railways on most of the broad gauge tracks. In case of reinforced samples, a layer of geogrid was placed at the ballast-sub-ballast interface as done in case of direct shear test samples. A cyclic vertical stress of 300 kPa was applied onto the test specimen with the help of vertical dynamic actuator, and a confining pressure of 10 kPa was applied onto the two side walls having five movable plates. It is well-known that the tendency of unbound ballast is to move laterally in outward direction (parallel to sleeper) under track operating conditions. Therefore, the shorter walls were allowed to move laterally and the other two longitudinal walls were kept fixed to mimic the plane strain conditions (ε 2 = 0) in the direction parallel to rails (i.e., along the direction of passage of train), as was also adapted earlier by Hussaini (2013) and Indraratna et al. (2013) . Two earth pressure cells were placed at sleeper-ballast and ballast-subballast interface to measure the vertical stresses during the test. The pressure cells used in the current study had the diameter of 230 mm and the thickness of 12 mm.
Tests were conducted at loading frequencies of 10, 20, 30, and 40 Hz which is representative of higher train speeds (∼73-292 km/h, for an axle spacing of 2.02 m) and up to 250,000 load cycles (N). During the test, the lateral displacement of the movable plates and the vertical settlement of ballast were continuously recorded by the data acquisition system. The extent of vertical settlement was also recorded by placing four settlement plates at sleeper-ballast and ballast-sub-ballast interface. The test was halted at specific number of cycles to record the vertical settlement of ballast and sub-ballast layers. The ballast specimen was retrieved carefully and sieved after each test to evaluate the change in gradation and to quantify the breakage of particles owing to cyclic loading. Figure 2B shows the final arrangement of the test specimen ready for testing.
RESULTS AND DISCUSSION
Friction Angle (ϕ) of Ballast-Sub-Ballast Interface Figure 3A shows the variation of friction angle (ϕ) with applied normal stress (σ n ) for unreinforced ballast-sub-ballast interface and that reinforced with various geogrids at S r = 5.0 mm/min. It is seen that the ϕ of unreinforced ballast-sub-ballast interface reduces from 61.82 to 48.95 • as σ n increases from 20 to 100 kPa. The decrease in ϕ with the increase in σ n is primarily due to the suppression of dilation and also because of the enhanced breakage of particles (as will be described in the latter sections of the paper) at higher normal stresses. Similar to the behavior of unreinforced interface, the apparent friction angle (δ) of ballastsub-ballast interface when reinforced with geogrids G1 and G2 decreases from 66.02 to 50.97 • and 65.76 to 50.22 • , respectively, as σ n increases from 20 to 100 kPa. A similar reduction in δ with the increase in σ n is observed for other rates of shearing (S r ) but is not shown here for the sake of brevity. It is further observed that δ of all reinforced ballast-sub-ballast interfaces is greater than that of unreinforced interfaces (Figure 3A) . For example, the insertion of geogrids G4 and G5 at ballast-subballast interface increases the values of ϕ from 61.82 to 64.79 • and 62.56 • , respectively. Figure 3B depicts the variation of friction angle (ϕ) with shearing rate (S r ) of unreinforced ballast-sub-ballast interface and that reinforced with various geogrids at σ n = 70 kPa. The value of ϕ of unreinforced ballast-sub-ballast interface decreases from 51.98 to 49.93 • as S r is increased from 2.5 to 10.0 mm/min. The increasing rates of shearing have a similar effect on the friction angle of ballast-geogrid-sub-ballast interfaces. For example, the apparent friction angle (δ) of ballast-sub-ballast reinforced with geogrid G4 and G5 reduced from 54.98 to 51.53 • and 54.3 to 51 • as S r increased from 2.5 to 10.0 mm/min. The observation with respect to the variation of ϕ with S r is in accordance with the studies conducted for ballast (Sweta and Hussaini, 2018) and sub-ballast . In a practical sense, the reduced values of friction angles with the increase in shearing rates indicate the reduction in ballast performance with the increase in train speeds. However, it is seen that the geogrids enhance the friction angle of ballast-sub-ballast interface for all the applied shearing rates (Figure 3B) , thereby highlighting their effectiveness in enhancing the ballast performance at higher train speeds. For instance, ϕ of unreinforced ballast-sub-ballast interface increased from 51.98 to 56.66 • and 55.41 • when stabilized with geogrid G1 and G2, respectively.
Dilation Angle (ψ) of Ballast-Sub-Ballast Interface
The dilation angle (ψ) of ballast-sub-ballast is mainly associated with the rate of dilation and is computed as the ratio of change in vertical displacement (d v ) to the change in horizontal displacement (d h ) (Equation 1; Bolton, 1986; Simoni and Houlsby, 2006) and can be expressed as
Where ψ is the dilation angle, d(d v ) is the change in vertical displacement, d(d h ) is the change in horizontal displacement. Figure 4 shows the variation of peak dilation angle (ψ) with peak friction angle (ϕ) of unreinforced ballast-sub-ballast interface and that stabilized with geogrids for different values of S r . As expected, dilation angle (ψ) of both unreinforced and reinforced ballast-sub-ballast interface decreases with increasing values of σ n . For example, the value of ψ in case of unreinforced ballast-sub-ballast interface and that reinforced with G1 is found to decrease from 14.56 to 8.51 • and 11.03 to 4.13 • as σ n increases from 20 to 100 kPa (S r = 2.5 mm/min). Likewise, for S r = 5.0 and 10.0 mm/min, the value of ψ decreases from 12.89 to 7.74 • & 10.38 to 3.89 • and 11.89 to 5.23 • & 9.16 to 4.78 • , respectively. It is further revealed that dilation angle (ψ) of both unreinforced and reinforced interface decreases with the increase in S r . The value of ψ of unreinforced ballast-sub-ballast and that reinforced with G1 decreases from 14.56 to 11.89 • and 10.38 to 9.16 • as S r increases from 2.5 to 10.0 mm/min (σ n = 20 kPa). Likewise, for other normal stresses of 35, 70, and 100 kPa, ψ decreases from 12.78 to 8.95 • & 9.24 to 8.00 • , 9.73 to 7.42 & 6.78 to 6.34 • , and 8.51 to 5.23 • & 4.13 to 3.35 • , respectively. Figure 5 also establishes the role of geogrids in diminishing the extent of dilation. For instance, reinforcement of ballast-sub-ballast interface with geogrid G1 reduces the dilation angle (ψ) from 14.56 to 11.03 • (σ n = 20 kPa; S r = 2.5 mm/min).
Breakage of Ballast (B g ) Under Shearing Conditions
The influence of applied normal stress (σ n ) and shearing rate (S r ) on the breakage of ballast for both unreinforced and reinforced ballast-sub-ballast interface is shown in Figure 5 . It is revealed that B g increases with the increase in σ n and S r . For example, B g of unreinforced ballast increased from 3.33 to 5.26% as σ n increased from 20 to 100 kPa. Furthermore, the value of B g of unreinforced ballast increased from 3.41 to 5.72% as S r enhanced from 2.5 to 10.0 mm/min (σ n = 35 kPa; Figure 5A) . A similar increase in B g is observed for geogrid-reinforced ballast-subballast interface. For instance, the ballast-sub-ballast interface when reinforced with geogrid G1 and G2, the value of B g increases from 2.49 to 3.49% and 2.56 to 3.56% as σ n increases from 20 to 100 kPa. Furthermore, for the applied normal stress of 35 kPa, the value of B g of ballast-sub-ballast interface reinforced with geogrid G1 increases from 2.43 to 3.84% as S r increases from 2.5 to 10.0 mm/min. It is evident from Figure 5B that insertion of geogrids at ballast-sub-ballast interface diminishes the extent of B g in ballast. For example, in case of ballast reinforced with geogrid G4 and G5, the value of B g reduced from 3.85 to 3.10% and 3.31%, respectively (σ n = 35 kPa; S r = 5.0 mm/min).
Regression Models to Determine of Friction (ϕ), Dilation Angles (ψ), and Breakage (B g ) of Ballast
To emphasize the role of geogrid aperture size (A) in enhancing the shear strength of ballast, the variation of interface efficiency factor (α) and ballast breakage (B g ) with A/D 50 ratio for different rates of shearing (S r ) are shown in Figure 6 . It is revealed from Figure 6 that as the value of α increases, the extent of B g decreases. For instance, α attains the maximum value of 1.22 and B g attains the minimum value of 2.75% at A/D 50 = 0.93 (G1) and then α decreases to 1.10 and B g increases to 3.15% at A/D 50 = 1.54 (G5) (S r : 2.5 mm/min). Similarly, for S r = 5.0 and 10.0 mm/min, geogrid G1 with an A/D 50 of 0.93 exhibits the maximum value of α of 1.19 and 1.15 which in turn exhibits the minimum breakage of 2.88 and 3.93%, respectively. This signifies that by suitably selecting the geogrids, the value of α could be enhanced significantly and breakage of ballast particles could be minimized.
It is well-known that the behavior of ballast under track operating conditions is governed by axle load, confining pressure and the train speed. In a real rail track environment, axle load is transferred through the wheels of the trains while the confining pressure is generated due to particle-particle interaction, sleeper resistance, compaction stresses and overburden pressure. Moreover, a track under operating conditions will be often subjected to varying train speeds. Therefore, the field conditions are replicated in the laboratory, by suitably considering the values of applied normal stress and the rate of shearing (Sweta and Hussaini, 2019a) . Moreover, the performance of a reinforced railway track depends upon the ratio of aperture size (A) of geogrids and the mean particle sizes, A/D 50 ratio Hussaini, 2018, 2019a,b) . In this context, regression models are developed to determine the values of friction angle (ϕ), dilation angle (ψ) and breakage of ballast (B g ) in terms of the input parameters σ n , S r, and A/D 50 (Equations 2-7). Based on the variation of α, the A/D 50 is classified into two zones (i.e., pre-optimum and post-optimum zone) as shown in Figure 6 . The pre-optimum zone lies in the range of 0.63 ≤ A/D 50 ≤ 0.93 while the post-optimum zone lies in the range of 0.93 ≤ A/D 50 ≤ 1.54. The R 2 values for the models presented here vary from 0.88 to 0.90. Where ϕ = friction angle, ψ = dilation angle, B g = breakage, σ n = applied normal stress, S r = rate of shearing. The models presented here will help the rail practitioners to predict the values of ϕ, ψ, and B g for ballast under both unreinforced and reinforced conditions once the values of input parameters (σ n , S r, and A/D 50 ) are known.
Lateral Displacement (l d ) and Vertical Settlement (S v ) of Ballast During Cyclic Loading
The evolution of lateral displacement (l d ) and vertical settlement (S v ) with number of load cycles (N) in case of unreinforced and geogrid-reinforced ballast at f = 30 Hz is shown in Figure 7 . It is observed that the extent of l d and S v increases rapidly during the initial load applications (i.e., for values of N up to 50,000 cycles), and thereafter the displacements remain mostly the same. However, the extent of l d and S v of ballast reduces with the inclusion of geogrids. For example, insertion of geogrids G1 and G3 reduces the amount of l d and S v by 41 & 30% and 33 & 24%, respectively, in comparison to unreinforced ballast. On the other hand, the geogrid G5 reduces the values of l d and S v by 8% only. This is because the aperture sizes of geogrids G1 and G3 are nearer to the average particle size of ballast (D 50 : 42 mm) that ensures effective interlocking of particles thus reducing both l d and S v . On the other hand, geogrid G5 having larger apertures facilitates the free movement of particles within the aperture of the geogrids. The almost constant values of l d and S v for N > 50,000 in case of reinforced samples (Figure 7) indicate that the effectiveness of ballast-geogrid interlock remains unaffected upon repeated load applications. In a practical sense, this implies that once the required ballast-geogrid interlock is accomplished, the geogrid continues to perform its intended purpose of arresting the lateral displacement and thus reducing the vertical settlement of ballast even at 250,000 load cycles. However, the results indicated that the extent of l d and S v increases with the increase in loading frequency but the same are not shown here for the sake of brevity.
Role of Geogrid Aperture Size on the Deformation of Ballast
To highlight the role of geogrid aperture size, the variation of final lateral displacement (l d ) and vertical settlement (S v ) is plotted against A/D 50 , the ratio of geogrid aperture size to the average particle size of ballast (Figure 8) . Figure 8A shows the variation of l d of ballast along the depth of ballast layer as measured at levels of five movable plates with A/D 50 for f = 30 Hz. It is revealed that the placement of geogrids at the ballast-sub-ballast interface has shown negligible effect in arresting the lateral displacements at the level of top three plates. However, inclusion of geogrids shows a remarkable effect in reducing the lateral displacements of the bottom two plates. These observations establish beyond doubt the diminishing role of geogrid in arresting particle movements away from its placement position. The role of A/D 50 is thus evident in the near vicinity of geogrid placement position (i.e., for the bottom two plates). In case of the bottom most plate, the value of l d decreases from 14.65 to 9.99 mm as A/D 50 increases from 0.63 to 0.93 which again increases to 15.68 mm at A/D 50 of 1.54. An increase in lateral displacement at A/D 50 of 1.54 subsequent to the minimum lateral displacement at A/D 50 of 0.93 is mainly due to free movement of the particles within the aperture of geogrids.
Figures 8B,C depicts the variation of lateral displacement (l d ) and vertical settlement (S v ) of ballast with A/D 50 for various loading frequencies. It is observed from Figure 8B that the value of l d decreases from 4.14 to 2.25 mm as A/D 50 increases from 0.63 to 0.93 which then increases to 4.64 mm at A/D 50 of 1.54 (f = 10 Hz). Similarly, the value of S v decreases from 16.50 to 11.41 mm as A/D 50 increases from 0.63 to 0.93 and then increases to 17.59 mm at A/D 50 of 1.54 (f = 10 Hz; Figure 8C ). It is further seen that the variation of l d and S v with A/D 50 remain similar with the increase in loading frequencies albeit with reduced efficiency of geogrids (Figures 8B,C) . The variation of l d and S v with A/D 50 observed here follows a similar trend as that of variation of interface efficiency factor with A/D 50 obtained in case of ballastsub-ballast interface by Sweta and Hussaini (2019b) under direct shear conditions.
Ballast Breakage Under Cyclic Loading Conditions
To highlight the effect of geogrids in reducing the extent of particle breakage, the initial and final PSDs of unreinforced ballast and that reinforced with geogrids G1 and G5 at f = 30 Hz are compared (Figure 9A) . The final PSD of the unreinforced ballast lie far away from its initial PSD followed by the final PSD when reinforced with G5 and G1. Although this highlights the role of geogrids in reducing the overall ballast breakage, but its effect on specific particle sizes is seen clearly from Figure 9B that shows the variation of difference in percentage retained before and after the test ( W k ) at f = 30 Hz. It is evident that bigger particles (>40 mm), due to the presence of natural flaws in them and their tendency to take up higher proportions of applied load, are more susceptible to breakage in comparison to the smaller particles. Further, the effect of various geogrids (G1 to G5) in reducing the extent of breakage in bigger particles is also clearly evident from Figure 9B , thus justifying their use for stabilizing the rail tracks.
CONCLUSIONS
The current study investigated the shear behavior of geogridreinforced ballast-sub-ballast interface and also the deformation and degradation behavior of geogrid-reinforced ballast under cyclic loading conditions. It was revealed that friction (ϕ) and dilation angles (ψ) of unreinforced ballast-sub-ballast interface reduces from 63.24 to 47.82 • and 14.56 to 5.23 • with the increase in σ n and S r , respectively. The breakage of ballast (B g ) occurred during shearing was quantified in terms of Marsal's Breakage (B g ). The B g of unreinforced ballast increases from 2.84 to 6.69% with the increase of σ n & S r . The tests results further revealed that inclusion of geogrids enhanced the shear strength of ballastsub-ballast interface. For example, ϕ of unreinforced ballast-subballast interface increased from 61.82 to 66.02 • and ψ decreased from 12.89 to 10.38 • when the ballast-sub-ballast interface was reinforced with geogrid G1 (σ n = 20 kPa; S r = 5.0 mm/min). Moreover, the extent of B g in case of direct shear test decreases from 3.33 to 2.49 and 2.56% when stabilized with geogrid G1 and G2, respectively (σ n = 20 kPa S r = 5.0 mm/min). The interface efficiency factor (α) and B g were found to be function of A/D 50 ratio. For the set of geogrids tested in the current study, geogrid G1 with an optimum A/D 50 of 0.93 exhibits the maximum value of α and minimum value of B g . Moreover, regression model is developed using multiple linear regression analysis to predict the values of ϕ, ψ, and B g in terms of the input parameters σ n , S r, and A/D 50 ratio.
The results from the cubical triaxial tests revealed that the deformation and degradation behavior of ballast under cyclic loading conditions was highly influenced by the loading frequency (f ). It is shown that the extent of lateral displacement (l d ) and vertical settlement (S v ) increases rapidly during the initial number of load cycles and thereafter it remains constant. The extent of l d and S v of unreinforced ballast increases from 5.48 to 28.32 mm and 20.13 to 45.40 mm with the increase in f from 10 to 40 Hz. The value of B g increased from 4.3 to 11.69% when the value of f was increased from 10 to 40 Hz. It is further revealed that the inclusion of geogrids reduced the extent of l d and S v of ballast and minimized the extent the particle breakage during cyclic loading. For instance, insertion of geogrid G1 reduces the extent of l d and S v by 42 and 33%, respectively. The current study showed the benefits of geogrids in enhancing the shear strength and also in reducing the deformation and degradation of ballast particles.
